In ice forecasting, a key problem is the forecast of freeze-up and break-up dates. Ice-water mechanics and the principle of heat-exchange were mainly adopted in previous research. However, the mathematical models in these studies are complex and many parameters are required in relation to upstream and/or downstream gauging stations. Moreover, too many assumptions or simplifications for these parameters and constraints directly lead to low accuracy of the models and limitations as to their practical applications. This paper develops a fuzzy optimization neural network approach for the forecast of freeze-up date and break-up date. The Inner Mongolia reach lies in the top north of the Yellow River, China. Almost every year ice floods occur because of its special geographical location, hydrometeorological conditions and river course characteristics. Therefore, it is of particular importance for ice flood prevention to forecast freeze-up date and break-up date accurately. A case study in this region shows that the proposed methodology may allow obtaining useful results.
INTRODUCTION
Ice flood is a rise in water when ice is blocked in the river course. In general, ice flood occurs suddenly, water rises violently and remains a long period. It is difficult to master its law of operation. Ice in a river course constitutes a hazard to shipping, traffic, hydro-power, water supply and sewerage works. Furthermore it may lead to ice flood and cause huge losses (YRWCC & DHETU, 1979) . Ice floods in the Inner Mongolia reach of the Yellow River are quite common, mainly resulting from its special geographical location, hydro-meteorological conditions and river course characteristics. The Inner Mongolia reach lies in the top north of the Yellow River and flows from south to north. The temperature of the upper river is higher than that of the lower river, so it freezes up from lower river to upper river, while it breaks up from upper river to lower river. That will cause ice to block the river course. The Inner Mongolia reach, being far from the ocean, is often controlled by Mongolia high-pressure. It always presents a continental climate, i.e. annual rainfall is scarce, summers are extremely hot and of short duration, winters are bitterly cold and long, and the annual ice period is about four or five months. Thirdly, there are many river bends and shoals in the Inner Mongolia reach. Ice floods often occur in these places during the break-up period. During every winter and the following spring, ice floods occur frequently in the Inner Mongolia reach. In recent years ice damage was severe because of changes in air temperature, human activities and scour-and-fill of riverbed. Therefore, it is of particular importance for ice prevention to forecast freeze-up date and break-up date accurately (HHOC, 1984; Starosolszky, 1990) .
Research on river ice forecasting was developed in the late 1950s in China. In the field of the forecast of freeze-up date, the index method was adopted in the late 1950s; the empirical relationship method was developed in the 1960s (YRWCC & DHETU, 1979) ; and some mathematical models were established in the 1980s (HHOC, 1984) . Foreign researchers mainly adopted ice-water mechanics and the principle of heat-exchange to forecast the freeze-up date (Shen, 1990; Urroz, 1992) . Research on the forecast of break-up date is not well developed in China. At present the empirical relationship method is still used in China (HHOC, 1984) , while mathematical models based on physical concepts are used abroad to forecast break-up date (Shen, 1990; Urroz, 1992) . However, mathematical models are complex and many parameters are required in relation to upstream and/or downstream gauging stations. Moreover, many assumptions or simplifications for these parameters and constraints directly lead to low accuracy of the models and limitations in their practical applications. A fuzzy optimization neural network model, put forward by Chen (1997) , is used in the present study to forecast freeze-up date and break-up date. A case study of the Inner Mongolia reach of the Yellow River shows that the proposed methodology augurs well for practical applications.
MODEL DEVELOPMENT
In the decision system of ice forecasting, one can assume that a set of alternatives are
where d j is the jth alternative, j = 1, 2, …, n, and n is the total number of alternatives. Each alternative can be evaluated by m factors, so the set of factors is as follows:
For n alternatives, the value of factor i is x ij , where j = 1, 2, …, n. The relative membership degree r ij can be calculated by the method proposed by Chen (1997) .
Usually there are two kinds of factor, i.e. benefit and cost factors. For the former, the relative membership degree is obtained by: 
where r ij is the relative membership degree of alternative j with regard to factor i, i = 1, 2, …, m; j = 1, 2, …, n. Similarly, the relative membership degree vector for n alternatives is obtained by: 
In the process of optimum selection, there is no absolute distinction but an intermediary transition between "superiority" and "inferiority" of alternatives, which are fuzzy concepts. For example, for the fuzzy characteristic "excellence", let the relative membership degree of "superiority" level on excellence be 1, and the relative membership degree of "inferiority" level on excellence be 0. In this way, one obtains a fuzzy optimum selection model (Chen, 1994) as follows:
( ) where u j is the relative membership degree on excellence of the jth alternative, r ij is the relative membership degree of the jth alternative regarding factor a i , w i is the weight of factor a i , and m is the total of factors.
Model (8) is adopted to act as the stimulated function of fuzzy optimization neural network system (Chen, 1997 (Chen, , 2002 . A three-layer fuzzy optimization neural network system is shown in Fig. 1 . There are m nodal points in the input layer (called m factors), l nodal points in the implicit layer (called l unit systems), and only one nodal point in the output layer.
For nodal point i in the input layer, it transmits messages directly to nodal point in the implicit layer, therefore its output u ij is equal to its input r ij . i.e.: where w ik is the connection weight between the nodal point i of the input layer and the nodal point k of the implicit layer.
There is only one nodal point p in the output layer, and its input is as follows:
From model (8), the output is obtained as follows: 
where w kp is the connection weight between the nodal point k of the implicit layer and the nodal point p of the output layer. The practical output u pj is just the response to the input r ij for the fuzzy optimization neural network system. Assuming that the expected output of alternative j is M(u pj ), the difference between the practical output u pj and the expected output M(u pj ) is expressed by square error E j :
In equation (14), the connection weights w ik and w kp are adjusted to make E j be minimum, less than or equal to the permissible error. At this time, fuzzy optimization neural network system is desirable and can be used for fuzzy forecast. The weight-adjustment formulae for w ik and w kp are set out below. First, the gradient descent method is applied to obtain the adjusting values of connection weights w ik and w kp :
where η is study efficiency. Through equation (15), the following can be derived: 
By use of equation (14), one obtains:
Taking account of equation (13) 
where δ pk is derived from equation (22).
The adjusted values of connection weights w ik and w kp can be obtained, respectively, as: 
where t is the number of iterations; and α is a momentum parameter, 0 < α < 1.
CASE STUDY
There are three groups of factors that influence ice floods in the Inner Mongolia reach of the Yellow River, namely thermal, dynamic and river regime factors. The thermal factors include solar radiation heat, air temperature, water temperature, precipitation and snowfall. The dynamic factors include water level, flow velocity, streamflow and strong winds. The river regime factors include channel gradient, roughness coefficient, width of river and degree of curvature. The river regime factors are studied in this paper because of their relatively small change. In the forecasting of freeze-up date and break-up date, the most important decision is how to choose the forecasting factors. That will influence forecasting accuracy directly, so analyses of correlation coefficients between alternatives and factors are required. Ji (2002) applied the correlation coefficient method to study the problem of choosing factors in ice forecasting. This involved examining correlation coefficient between freeze-up date/break-up date and almost every factor mentioned above, and choosing those factors having the greatest correlation coefficients with freeze-up date/break-up date (see Table 1 ). The freeze-up and break-up dates are calculated from reference points: 1 November (forewards) and 1 May (backwards), respectively. That is, a freeze-up date of 45 days means that the river froze up 45 days after 1 November, i.e. on 15 December, and a break-up date of 42 days means that the river ice broke up 42 days before 1 May, i.e. on 19 March, The "factor set" for the forecast of freeze-up date consists of accumulated negative air temperature, average water level and average streamflow in the corresponding freeze-up period. The factor set for the forecast of break-up date consists of accumulated positive air temperature, average water level, average streamflow in the corresponding break-up period, and the maximum thickness of ice during the last freeze-up period. Ji (2002) collected information related to river ice for four gauging stations in the Inner Mongolia reach of the Yellow River, namely Bayangaole, Shanhuhekou, Zhaojunfen and Toudaoguai. Due to space restriction, a detailed process of the forecast of break-up date is provided only for Shanhuhekou gauging station in this paper. For other stations, the forecasting processes are basically similar. The results and corresponding error analyses are shown in Tables 2 and 3. In the forecast of break-up date for Shanhuhekou gauging station, the factor set and the alternative set are shown in Table 4 . The factor set consists of accumulated positive air temperature, average water level, average streamflow in the corresponding break-up period and maximum winter ice thickness, while the alternative set consists of 33 break-up dates. According to the methodology described in the model section, there are four nodal points in the input layer (four factors), five nodal points in the implicit layer, and only one nodal point in the output layer. The values for the first 28 years are utilized to train the fuzzy optimization neural network system repeatedly until it satisfies the given accuracy, then the system is tested by the last five-year data, by forecasting break-up dates. The calculations are presented in the Appendix. The results are shown in Table 5 . The forecasting of the freeze-up and break-up dates in the Inner Mongolia reach of the Yellow River may be considered as medium and long-range hydrological forecasting. According to the local situation and the engineers' experience on the spot, the forecast horizon is set as 16 days. That is enough time to deal with the emergency in Table  6 ), the corresponding permissible error is regarded as approximately 6 days. For Tables 2, 3 and 5, there are 30 forecast values in total: in 27 cases the forecast error was equal to or less than 6 days, while in three cases it exceeded 6 days, with the maximum value of 10 days. Also, according to the same standard (MWRC, 2000) , the "value of the qualified rate" of 90% (i.e.27/30 × 100% = 90%) (see Table 7 ), renders the method a first-class forecasting scheme.
CONCLUSIONS
It is a key problem to forecast freeze-up date and break-up date in ice forecast. In this paper, a novel fuzzy-optimization neural-network model is introduced to solve the problem, which well overcomes some deficiencies of previous approaches. The method consists of using correlation coefficient method to choose the governing factors, training the fuzzy optimization neural network system repeatedly until it satisfies the given accuracy, and then the use of the system for fuzzy forecast. A case study of Inner Mongolia reach of the Yellow River shows that the proposed methodology is of practical use. Y = (0.4783, 0, 0.4783, 0.7826, 0.6957, 0.3478, 0.6087, 0.4783, 0.2609, 0.6957, 0.6957, 0.3478, 0.7826, 0.6957, 0.3478, 0.2609, 0.3913, 0.3913, 0.4348, 0.3478, 0.5652, 1, 0.5652, 0.6957, 0.6522, 0.7391, 0.4348, 0.6957, 0.6087, 0.7826, 0.6087, 0.7391) 
